We report how the strength of resonant Bragg reflection from polymeric photonic crystals (polymer opals) varies linearly with the refractive-index contrast, Dn, in contrast to the quadratic buildup of Fresnel reflections scaling as (Dn) 2 . This occurs due to the interplay of disorder and periodicity, in agreement with a simple 1-dimensional periodic model. Goniometry experiments show that opal films exhibit "cones" of resonantly scattered light, which extend to 620 angular deviation from the specular direction. The intensity of the scattering cones varies super-linearly with Dn. Such medium contrast photonic crystals are of significant interest for understanding structural colors exhibited in nature, by structures with inherent disorder. An industrial-scale technique to produce flexible photonic crystals has recently been developed using shearordering of sub-micron-sized core/shell polymer particles.
This produces flexible polymer cubic-lattice opaline films, with fundamental optical resonances tunable across the visible and near-infrared regions (by varying the precursor nanosphere size from 200 to 350 nm, and hence the resulting lattice parameter). Such polymeric opals have intrinsic advantages over other self-assembling colloidal systems, 3, 4 in which the structures formed are solvent-free and permanently formed into a visco-elastic solid. 5 The refractive index contrast between the core beads and the matrix polymer is essential for the appearance of such structural color, through spectrally resonant multiple Bragg scattering. 6 However, it is not clear how the strength of such resonances changes as the index contrast increases. Besides the technological applications, such systems are interesting analogues of structural color in nature (such as butterflies or beetles 7, 8 ), as well as the intensity of scatter from clouds and radar imaging.
In this paper, we study the effect of the refractive index contrast, Dn, on the resonant scattering and reflectivity of polymer photonic crystals, within a regime of Dn < 0.2. In earlier work, we reported the synthesis of core/shell (CS) structures based on rigid cross-linked polystyrene (PS) spheres, capped by a soft poly-ethylacrylate (PEA) shell, as illustrated in Figure 1(a) . 1, 9 The refractive index contrast between core and shell materials can be varied by controlling the chemical composition of the shell material using low refractive-index fluorinated monomers. Here, we study samples with Dn ¼ 0.05-0.18 and with CS particle diameters of 250-300 nm, giving Bragg resonances in the red (Table I) . Opaline films of thickness $100 lm, with highly uniform ordering, are produced using a combination of linear-and edge-shearing of the as-synthesized batches of the CS material, as previously reported. 10 A small amount (0.05% by weight) of an absorbing carbon-nanoparticle powder is also pre-mixed into the opals by extrusion, significantly increasing the color saturation of the opals without disrupting the lattice quality. 6, 10 The calibrated normal incidence reflectivity of samples is measured with an adapted microscope, using a focal spot diameter of $2 lm (Â20 magnification) and collection via suitable focusing optics and a fiber-coupled CCD spectrometer. The bright-field reflectance spectra of samples 1-5 ( Fig.  2(a) ) show intensity increasing with Dn; Figure 2 (c) shows a clear linear relationship. The small (non-systematic) shifts in Bragg wavelength are due to slight fluctuations in the mean CS diameters and in the average refractive index (n av ). However, the strength of each individual scattering is given by the Fresnel reflectivity (for uniform interfaces) or Mie scattering (for particles), both proportional to (Dn/n av ) 2 , 11 as also found in periodic structures. 12 To explain these observations, we have developed a 1D multilayer quasi-model of the opaline structures. Representing the periodicity of the opals, rather than their exact dimensions, this consists of k/4 layer-pair stacks of the high and low n components giving resonance at k ¼ 600 nm, with absorbance (a) due to the measured effect of the carbon dopant. In addition, the layers have a Gaussian-distributed thickness error of width c, which accounts for deviations from perfect crystalline order within the photonic crystal. The reflectivity spectra of these model structures were calculated using a transfer-matrix method averaged over many cycles, 13 with 100 layer-pairs (roughly corresponding to a sample of thickness several 10 s of microns), using suitable parameters. Representative results are shown in Figure 2 (b), with a value of c ¼ 15 nm (or 7% of layer thickness variation) yielding peak reflectances in close agreement with experiment for each Dn value studied and also giving realistic spectral FWHM values of 50-60 nm. As discussed previously, such a model results in Lorentzian spectral profiles. 5 The linear dependence of the predicted peak intensities on Dn is shown in Figure 2 (c), with excellent agreement to the experimentally observed trend. The predicted quadratic dependency from Fresnel theory is modified by disorder in such opals, to produce a linear dependence on jDnj. Coherent superposition at the reflectance peak is disrupted by the cumulative phase shifts from thickness fluctuations (disorder) since the light penetrates to depths of hundreds of layers in such low Dn systems. We expect this to be important in the regime where (n av c)/(DnL) > p, where L is the sample thickness. This is because both the Bragg length, of order L B ¼ kDn/n av , and the mean free path are smaller than the ordered opal thickness for all of the Dn values under study. 14, 15 Hence, the degree of disorder in the sample demonstrably plays a fundamental role in these linear dependencies. In previous studies of polymer opals, we presented crystallographic evidence of stacking faults and/or twinning within the cubic structures, which introduces a certain level of disorder throughout the films. 10, 16 It is likely that these characteristics are also intrinsic to many self-assembled periodic structures, including those found in nature. 17, 18 In order to study the resonantly scattered light at nonspecular angles (the so-called "scattering cone" (Ref. 14)), samples are measured using goniometry (Figure 1(b) ). Samples are illuminated using a thermal white-light source, collimated to a spot size of a few mm, and reflected light is detected via a collecting lens (solid-angle of collection $10 À7 sr) and fiber-coupled spectrometer. Careful alignment allowed both the detector and the sample stage to be rotated about a common axis, co-centred on the point where the light source is incident on the sample. The angular deviation (d), relative to the specular reflection at Àh is thus given by the relation d ¼ / À h, where h and / are the angles of incidence and detection respectively. By normalizing the detected light to the specular reflection from a reflective aluminum mirror, optical spectra of the scattered light as a function of d are extracted, allowing comparison between samples with different Dn. The raw data ( Fig. 3(a) ) shows wide scattering cones around the specular reflection, with the resonantly scattered light shifting across the k 111 peak, from short to long wavelengths, as d increases. By considering the change in wavevectors involved (Dk), the data can be exactly transformed into reciprocal Dk-space (assuming low index contrast) using 261913 (2011) with the optical wavevector magnitude, jk 0 j ¼ 2p/k and h 0 in , h 0 out the angles of incidence and scattering inside the sample. The shape of the g 111 reciprocal lattice point (Figure 3(b) ) reveals the disorder in both layer spacing (Dk z ) and lateral fluctuations (Dk x ) responsible for the scattering cones. As Dn increases from 0.05 to 0.18, the intensity of the scattering cone increases commensurately, while the effect on the angular width of the cone is weak. Fitting cross-sections of k x gives lateral broadenings with FWHM $3 lm
À1
, corresponding to real-space dimensions of 3-5 lm, and implying that there are lateral defects of size around 10 times the crystal layer spacing. This result hence gives a first order indication of the presence of lateral fluctuations in the alignment of parallel chains in each layer within these photonic crystals.
Extracting the peak spectral scattering intensity as a function of d (Figure 3(c) ) for each sample results in Lorentzian angular scattering profiles, as consistent with both the above analysis and earlier studies, which implied that defects spatially localize light over length scales of many sphere periods. 6 Note that peak scattering values were extracted by following the locus of the g 111 reciprocal lattice point, as shown by the dashed line in Figure 3(b) . The scattering strength increases super-linearly as a function of Dn within this low index-contrast regime (Fig. 3(d) ) and this result is replicated when measuring with different angles of incidence (h). The angular width of the scattering cones of all samples extends to 620 from the specular direction ( Fig. 3(d) ), with the exception of the lowest index-contrast sample. These observations contrast with those on high Dn opals, which exhibit an additional isotropic surface scattering that leads to spectral dips, 15 rather than the scattering peaks we always observe. Further theoretical and experimental investigation is required to fully explain the origin of this cone width, which is related to the lateral scale length of disorder in the samples. We note that all samples are mounted identically, with the shear processing direction in the same plane as source and detector, removing effects of anisotropy due to the orientation of the [111] lattice planes (see also Figure 1(a) ). . For clarity, the index contrast is displayed on a logarithmic axis.
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